ABSTRACT: Polyamines are essential for embry onic and fetal survival, growth, and development. Additionally, polyamines may induce autophagy in mammalian cells. However, little is known about the availability of polyamines or autophagy in the porcine conceptus with intrauterine growth restriction (IUGR). The present study was performed to evaluate the devel opmental changes of polyamine concentrations in IUGR and normal porcine fetuses as well as autopha gic marker levels in the fetal intestinal mucosa during the second half of gestation when most fetal growth occurs. Allantoic fluid (ALF), amniotic fluid (AMF), umbilical vein, and the smallintestinal mucosa were obtained from both IUGR and normal fetal pigs at d 60, 90, and 110 of gestation. Concentrations of poly amines in fetal fluids as well as protein abundances of microtubuleassociated protein light chain 3B (LC3B), an autophagic marker, in the fetal small-intestinal mucosa were determined. Concentrations of poly amines varied greatly in different fetal compartments and changed substantially with advancing gestation. Concentrations of polyamines in IUGR fetal fluids and the small-intestinal mucosa were markedly different from those in their normal counterparts at d 60 and 90 of gestation, whereas most of the differences were not detected by late (d 110) gestation. Specifically, poly amine levels were lower in the umbilical vein plasma but higher in ALF and AMF from IUGR fetuses. Furthermore, enhanced levels of an autophagic marker were observed in the smallintestinal mucosa of IUGR fetuses throughout mid and late gestation in association with abnormal spermidine levels in fetal plasma. These findings support the notion that enhanced autophagy may be an important survival mechanism in IUGR fetuses. Collectively, our findings provide a new framework for future studies to define the roles for polyamines in the prevention and treatment of IUGR in both human medicine and animal production.
INTRODUCTION
The porcine conceptus undergoes rapid differen tiation and development, which requires large amounts of nutrients during pregnancy (Bazer et al., 2012) . Placental angiogenesis is necessary to increase fetopla cental blood flow and the supply of nutrients from ma ternal to fetal circulation (Wu et al., 2005) . Polyamines (putrescine, spermidine, and spermine) participate in multiple biological processes (Igarashi and Kashiwagi, 2000) by serving as key regulators of DNA and pro tein synthesis (Wallace et al., 2003) as well as cell re newal and growth (Bardocz et al., 1995) . Therefore, polyamines are essential for placental angiogenesis and embryogenesis as well as embryonic and fetal growth (Kwon et al., 2003) . Recently, agmatine, a polyamine Developmental changes in polyamines and autophagic marker levels in normal and growth-restricted fetal pigs 1,2 related molecule, has been recognized for its physiologi cal role in serving as a substrate for production of pu trescine (Wang et al., 2014b) . Therefore, polyamines and agmatine support survival, growth, and development of the conceptus during gestation.
Intrauterine growth restriction (IUGR), defined as impaired growth and development of the mammalian embryo/fetus or its organs during pregnancy, is a sig nificant problem in animal production (Wu et al., 2006) . Placental insufficiency is a major contributor to IUGR in mammals . Results of our previous studies indicate that fetal pigs with IUGR have reduced expression of proteins involved in nutrient transport, ab sorption, and metabolism in liver, skeletal muscle, and small intestine (Wang et al., 2008 (Wang et al., , 2014a . Intrauterine growth restriction may result from an insufficient supply of AA and other nutrients from the mother to the fetus (Lin et al., 2012 . However, lit tle is known about concentrations of polyamines in IUGR or normal fetuses in the developing porcine conceptus.
Emerging evidence shows that polyamines may induce autophagy in mammalian cells (Madeo et al., 2010) . Autophagy is a selfdigesting mechanism re sponsible for clearance of damaged organelles and long-lived proteins and plays a key role in regulating cell survival or cell death (Codogno and Meijer, 2005) . Little is known about autophagy or its relationship with polyamine levels in the fetus. New knowledge about polyamine and autophagic levels in the fetus may have important implications for designing strategies to pre vent and treat IUGR. Therefore, the aims of this work were to 1) determine developmental changes in con centrations of polyamines in fetal fluids and tissues, 2) compare differences in polyamine levels between IUGR and normal fetal pigs, and 3) evaluate autophagy in the smallintestinal mucosa from both IUGR and normal fetal pigs at d 60, 90, and 110 of gestation.
MATERIALS AND METHODS

Reagents and Standards
High performance liquid chromato graphy-grade meth anol and water were obtained from Fisher Scien tific (Fair Lawn, NJ). Amino acid standards, ophthal dialdehyde, Nacetyll-cysteine, polyamine standards (agmatine, putrescine, spermidine, and spermine), and other chemicals were purchased from SigmaAldrich (St. Louis, MO).
Animals
Primiparous gilts (Landrace × Large White; n = 18 litters) from a local commercial swinebreeding farm were used in this study. Gilts were mated within 24 h of estrus being detected. Gilts were assigned randomly to be hysterectomized at d 60, 90, or 110 of gestation (G60, G90 and G110; term = 114 d; 6 litters at each time point). During the entire gestation period, preg nant gilts were individually housed and allowed free access to water and a corn-soybean meal-based diet that met the recommended NRC requirements (NRC, 1998; 2 kg/d from d 0 to 85 of gestation and then 2.5 kg/d from d 85 to term). On the assigned day of gesta tion, gilts were anesthetized and immediately received a midventral laparotomy to obtain uteri and fetuses, as previously described (Wu et al., 1995; Lin et al., 2012; Wang et al., 2013) . Fetal BW was recorded im mediately after removal of the fetus from the uterus. In this study, primiparous gilts were selected because they have a higher rate of naturally occurring IUGR than mature sows (Wu et al., 2006) . These gestational ages were assigned according to previous studies that defined the pattern of amniotic fluid (AMF) and allan toic fluid (ALF) volume and changes in hormone con centrations during conceptus development in the pig (Knight et al., 1977) . All experiments were performed in accordance with the Chinese guidelines for animal welfare and were approved by the China Agricultural University Animal Care and Use committee (approval number CAU200906061).
Collection of Maternal and Fetal Sample
Hysterectomies were performed between 0800 and 0900 h on d 60, 90, and 110 of gestation after overnight fasting. The uteri were removed by midventral laparot omy. Amniotic fluid and ALF were collected from each individual sac through the amniochorion and chorioal lantoic membranes, respectively. A mixture of protease inhibitors (GE Healthcare, Piscataway, NJ) was added into AMF and ALF of selected IUGR and normal BW (NBW) fetuses to inhibit protein degradation. The AMF and ALF samples were centrifuged for 15 min at 3,000 × g and 4°C. The cell-free supernatant fluid was stored at -80°C until analysis. Maternal blood and fetal umbilical vein blood were collected into heparinized tubes. All blood samples were centrifuged at 3,000 × g at 4°C for 10 min to obtain plasma. Blood could not be obtained from the umbilical vein on d 60 of gesta tion because of the small size of the vessel. The BW of individual fetuses in each litter were recorded and plot ted against cumulative sample proportion on the log scale. The fetuses whose BW fitted the straight line of the normal plot were defined as fetuses with NBW and had a BW within 1 SD of the mean BW, whereas the small fetuses with BW that deviated below the straight line of the plot were selected as IUGR and had a BW 2 SD below the mean (Royston et al., 1982) . The BW of selected IUGR fetuses (88 ± 5, 482 ± 25, and 798 ± 75 g on d 60, 90, and 110 of gestation, respectively) were much lower than those of the NBW fetuses (148 ± 6, 718 ± 48, and 1,458 ± 93 g on d 60, 90, and 110 of gestation, respectively). The fetal small intestine was defined as the portion of the digestive tract between the pylorus and the ileocecal valve. The content of whole small intestine was rapidly removed with saline. The mucosa of the small intestine from selected fetuses were obtained as described previously (Wang et al., 2010) and snap-frozen in liquid nitrogen. All samples were stored at -80°C until analysis.
Determination of Polyamines
Polyamines were analyzed by an HPLC method involving precolumn derivatization with ophthaldi aldehyde and Nacetyllcysteine, as described previ ously (Wu et al., 2000a; Dai et al., 2014) . Individual samples of smallintestinal mucosae (approximately 200 mg) were ground in a liquid nitrogen-cooled mor tar. Approximately 50 mg of the sample powder was mixed with 200 μL of ice-cold 1.5 mM HClO 4 fol lowed by addition of 100 μL of ice-cold 2 M K 2 CO 3 to neutralize the solution. Plasma, ALF, or AMF (100 μL) was mixed with 100 μL of 1.5 M HCLO 4 followed by neutralization with 50 μL of 2 M K 2 CO 3 .
For HPLC analysis, the neutralized extracts (100 μL) were mixed with 100 μL of 1.2% benzoic acid (in 40 mM sodium borate, pH 9.5) and 1.4 mL of HPLCgrade H 2 O. An aliquot of the derivatized mixture (25 μL) was injected onto a Supelco 3-μm reversed-phase C18 column (150 by 4.6 mm; Supelco, Bellefonte, PA; ; now a Sigma division). Polyamines were separated using a solvent gradient consisting of solution A (0.1 M sodium acetate, 0.5% tetrahydrofu ran, and 9% methanol, pH 7.2) and solution B (100% methanol). Concentrations of agmatine, putrescine, spermidine, and spermine in samples were calculat ed on the basis of standards using the Millenium32 Software (Waters Corp., Milford , MA).
Protein Extraction from the Small-Intestinal Mucosa
RadioImmunoprecipitation Assay (RIPA) Lysis Buffer C1053 (Applygen Technology, Beijing, China) with 1x protease inhibitor cocktail and 1x phosphatase inhibitor cocktail was used to lyse the small-intestinal mucosa samples after homogenization. Debris was re moved through centrifugation at 12,000 × g for 15 min at 4°C, and total protein concentrations were deter mined by the bicinchoninic acid assay (Pierce Chemical, Rockford, IL) using BSA as protein standard.
Western Blotting
Western blotting was performed as previously de scribed (Wang et al., 2010) . Briefly, extracted proteins (30 μg/sample) were denatured in a loading buffer, separated in parallel by 15% SDS-PAGE (Bio-Rad, Richmond, CA), and transferred electrophoretical ly to a polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA). The membrane was then probed with a primary antibody against rabbit LC3B (1:2,000; Sigma-Aldrich) after blocking with TrisBuffered Saline and Tween 20 (TBST; 0.05% Tween 20, 100 mM TrisHCl, and 150 mM NaCl, pH 7.5) containing 5% fat-free dry milk at 4°C overnight. Subsequently, all the membranes were rinsed in TBST and incubated with a secondary antibody (goat anti rabbit IgG-horseradish peroxidase-conjugate, diluted 1:2,000; Applygen Technology) for 1 h at 25°C. The protein bands were visualized with a chemilumines cence substrate using the Image Quant LAS 4000 mini system (GE Healthcare, Piscataway, NJ). The relative intensity of protein signals were normalized to the corresponding glyceraldehyde3phosphate de hydrogenase (GAPDH; rabbit monoclonal, 1:2,000; Cell Signalling Technology, Beverly, MA) density and quantified by a gel-imaging system with Image Quant TL software (GE Healthcare, Piscataway, NJ).
Calculations and Statistical Analysis
For each gestational age, total polyamines was a mathematical sum of agmatine, putrescine, spermi dine, and spermine. Data obtained on d 60, 90, and 110 of gestation were subjected to correlation analysis, Student's t test, or 1way or 2way ANOVA (JMP 9; SAS Inst. Inc., Cary, NC). Differences between means were determined by LSD following 1way ANOVA. Probability values of 0.05 or less were taken to indi cate statistical significance.
RESULTS
Developmental Changes in Polyamine Concentrations in Maternal Plasma, Normal BW Fetal Fluids, and the Small Intestine
As shown in Fig. 1 , polyamine concentrations in NBW fetal fluids (including ALF, AMF, and umbilical vein plasma) and the small intestine changed greatly as pregnancy advanced (P < 0.05). Porcine fetal flu ids and the fetal small intestine contained relatively high levels of spermidine and spermine during mid to late gestation. Spermidine and spermine accounted for more than 70% of total polyamines at all days of ges tation in both maternal and fetal fluids. Concentrations of agmatine were lower when compared with other polyamines and similar in all fetal fluids.
Allantoic fluid contained the highest levels of pu trescine among all fetal fluids and fetal tissues (>900 nmol/L) on all days of gestation (compared with 400-900 nmol/L in other fetal fluids). Concentrations of agmatine, spermidine, and total polyamines (pu trescine, spermidine, spermine, and agmatine) in ALF were reduced (P < 0.05) in late gestation (Fig. 1) . In AMF, spermine levels were lower (P < 0.01) at d 90 of gestation compared with d 60 and 110 of gesta tion, which resulted in the same trend of total poly amines during mid to late gestation. Concentrations of putrescine and spermidine remained at similar levels between d 60 and 90 of gestation, whereas concentra tions of putrescine were higher (P < 0.01) but concen trations of spermidine were lower (P < 0.01) at d 110 of gestation (Fig. 1) . Concentrations of all polyamines were higher (P < 0.05) in fetal umbilical vein plas ma than in maternal plasma except for agmatine and spermine on d 90 of gestation. During late gestation, fetal plasma concentrations of all polyamines except for putrescine were higher on d 110 than (P < 0.05) on d 90 of gestation (Fig. 1) . In the fetal small intestine, spermidine was the major polyamine followed by, in decreasing order, spermine, putrescine, and agmatine. Concentrations of all polyamines (putrescine, P < 0.05; spermidine and spermine, P < 0.01) exhibited lower levels on d 90 than on d 60 of gestation (Fig. 1) .
Polyamines in Fetal Fluids and the Fetal Small Intestine of Intrauterine Growth Restriction and Normal BW Fetuses
Data regarding polyamine concentrations in fetal fluids and the fetal small intestine from both IUGR and NBW fetuses are summarized in Fig. 2 to 5 . In ALF, concentrations of putrescine and spermidine did not differ between IUGR and NBW fetuses on d 60 of gestation. On d 60 of gestation, concentra tions of agmatine in IUGR fetal ALF were 43% lower (P < 0.01) but concentrations of spermine was 112% higher (P < 0.01) compared with the NBW group. Concentrations of spermidine were higher (P < 0.05) in IUGR fetal ALF, but total polyamines did not differ between IUGR and normal fetuses on d 90 of gesta tion. Concentrations of agmatine, putrescine, spermi dine, and spermine in IUGR fetal ALF were similar to those in NBW fetal ALF on d 110 of gestation (Fig. 2) .
Although there were no significant differences in concentrations of agmatine, putrescine, spermidine, or spermine between IUGR and NBW fetal AMF, con centrations of total polyamines in IUGR fetal AMF were higher than (P < 0.05) those in NBW littermates on d 60 of gestation. On d 90 of gestation, concentra tions of agmatine, putrescine, and spermine were 36, 20, and 36% lower (P < 0.05), respectively, in IUGR fetal AMF when compared with NBW fetuses. In con trast, AMF spermidine levels were 61 and 68% higher (P < 0.05) in IUGR fetuses than those in NBW fetuses on d 90 and 110 of gestation (Fig. 3) .
Concentrations of agmatine in the umbilical vein plasma of NBW (Fig. 1) or IUGR (Fig. 4) were high er (P < 0.05) on d 110 than on d 90 of gestation. The values for IUGR fetuses were consistently lower than those for NBW fetuses at both time points (P < 0.05). Concentrations of putrescine, spermidine, and spermine in IUGR umbilical vein plasma were lower (P < 0.05) than those in NBW fetuses on d 90, whereas values did not differ between the 2 groups of fetuses on d 110 of gestation. The total polyamine levels in umbilical vein plasma were 22% lower (P < 0.01) in IUGR fetuses than in NBW fetuses on d 90 of gestation (Fig. 4) .
No significant differences were observed in poly amine concentrations on d 60 of gestation between NBW and IUGR fetal smallintestinal mucosae. However, concentrations of putrescine in the small intestinal mucosa of IUGR fetuses were 71% higher than (P < 0.01) those in NBW fetuses on d 90 of ges tation. Concentrations of spermine in the IUGR fetal small intestine were 41% lower (P < 0.05) on d 90 but 60% higher (P < 0.05) on d 110 of gestation in com parison with NBW fetuses (Fig. 5) .
Autophagic Levels in the Small Intestine of Intrauterine Growth Restriction and Normal BW Fetuses
As shown in Fig. 6 , a higher concentration in the formation of LC3BII was noted in the smallintestinal mucosa from IUGR fetuses (P < 0.05). When compared with NBW fetuses, LC3BII levels in the smallintestinal mucosa of IUGR fetuses were 113, 88, and 84% higher (P < 0.05), respectively, on d 60, 90, and 110 of gestation, indicating enhanced autophagic activity in the IUGR fe tal small intestine throughout mid to late gestation. . Data are mean ± SEM; n = 6 for each group at G60, G90, and G110. *P < 0.05. Agm = agmatine; Put = putrescine; Spd = spermidine; Spm = spermine; Spd + Spm = spermidine plus spermine; Total PA = total polyamines = the mathematical sum of agmatine, putrescine, spermidine, and spermine. Figure 3 . Polyamine concentrations in amniotic fluid (AMF) of intrauterine growth restriction (IUGR) and normal BW (NBW) fetuses during gesta tion (G60, G90, and G110: d 60, 90 and 110 of gestation). Data are mean ± SEM; n = 6 for each group at G60, G90, and G110. *P < 0.05. Agm = agmatine; Put = putrescine; Spd = spermidine; Spm = spermine; Spd + Spm = spermidine plus spermine; Total PA = total polyamines = the mathematical sum of agmatine, putrescine, spermidine, and spermine.
DISCUSSION
The present study has 3 major findings. First, con centrations of polyamines varied greatly in different compartments of NBW fetuses and changed substan tially with advancing gestation. Second, concentrations of some polyamines in IUGR fetal fluids and fetal tis sues were markedly different from those in their NBW counterparts at d 60 and 90 of gestation, but most of the differences were not detected in late (d 110) ges tation. Specifically, concentrations of spermidine and spermine were lower in the umbilical vein but higher in ALF and AMF from IUGR fetuses compared with NBW fetuses. Third, the abundance of an autophagy related protein, LC3BII, was higher in the smallin testinal mucosa of IUGR fetuses, supporting the view that the higher levels of LC3B, a marker for autophagy, may be indicative of the development of IUGR.
Despite previous reports on changes of polyamines in ovine (Kwon et al., 2003) , porcine (Wu et al., 2005 , and human (Russell et al., 1978; Hiramatsu et al., 1985) ALF, AMF, and placenta during pregnancy, little is known about differences of polyamine concentrations between IUGR and NBW conceptuses . Results of the present study demonstrate clearly that concentrations of polyamines and a related molecule, agmatine, in the IUGR fetal circulation were different from those in the NBW fetal circulation. Conventionally, polyamines are synthesized from ornithine, which is produced by arginine catabolism via arginase . We previously found that neither arginase activity nor conversion of arginine into ornithine can be detected in the porcine placenta, ALF, or AMF, which indicates that no ornithine is formed from arginine in these com partments (Wu et al., 2005) . Therefore, a large amount of arginine in the maternal plasma is transferred into the fetal circulation (Wu et al., 1996) . In the fetus, arginine is metabolized into citrulline and nitric oxide (NO) via NO synthase to regulate blood flow. To compensate for the lack of arginine degradation by arginase, prolinederived ornithine is then converted into putrescine, sper midine, and spermine in the porcine placenta (Wu et al., 2005 . These findings highlight the prominent role of argininefamily AA in polyamine production and reg ulation of fetal growth (Lin et al., 2011 . Results of previous studies also indicate reduced concentrations of arginine-family AA in IUGR fetal fluids (Lin et al., 2012) , which may contribute to disturbed polyamine levels in fetal circulation and, therefore, fetal growth re striction (Kwon et al., 2004) . . Data are mean ± SEM; n = 6 for each group at G90 and G110. *P < 0.05. Agm = agmatine; Put = putrescine; Spd = spermidine; Spm = spermine; Spd + Spm = spermidine plus spermine; Total PA = total polyamines = the mathematical sum of agmatine, putrescine, spermidine, and spermine. Figure 5 . Polyamine concentrations in the smallintestinal mucosa (SI) of intrauterine growth restriction (IUGR) and normal BW (NBW) fetuses during gestation (G60, G90, and G110: d 60, 90 and 110 of gestation). Data are mean ± SEM; n = 6 for each group at G60, G90, and G110. *P < 0.05. Agm = agmatine; Put = putrescine; Spd = spermidine; Spm = spermine; Spd + Spm = spermidine plus spermine; Total PA = total polyamines = the mathematical sum of agmatine, putrescine, spermidine, and spermine.
Results from recent studies reveal a new and impor tant role for agmatine as a substrate for the synthesis of putrescine in the ovine conceptus (Wang et al., 2014b) . In vivo knockdown of ornithine decarboxylase (ODC), a ratecontrolling enzyme in the classical pathway for putrescine biosynthesis, results in disrupted conceptus development due to insufficient availability of poly amines. Meanwhile, the alternative arginine decarbox ylase/agmatinase pathway is activated to compensate for the loss of ODC and ensure adequate polyamine synthesis to support embryonic survival in response to in vivo ODC knockdown (Wang et al., 2014b) . In the present study, reduced levels of agmatine in IUGR fe tal ALF, AMF, and umbilical vein plasma are consistent with the functional role of agmatine and with impaired conceptus development in IUGR fetuses.
An important finding from the present study was that umbilical vein plasma had higher concentrations of poly amines compared with maternal plasma. This result sup ports the notion that synthesis of relatively large amounts of polyamines occurs in the porcine placenta and that these nitrogenous substances are released into the fetal circulation during late gestation when fetal growth is most rapid (Lin et al., 2012 . Furthermore, remarkable developmental changes in concentrations of polyamines in fetal fluids and tissues during mid to late gestation are closely related to the metabolic needs of polyamines by the fetus during dynamic developmental periods. The differences in polyamine concentrations be tween IUGR and NBW fetuses indicate that transport of polyamines into the uterine lumen is likely regulated by molecules released by the conceptus to ensure its suc cessful survival and development.
Although the volume of AMF does not differ be tween d 60 and 90 of gestation (Wu et al., 2005) , the concentration of polyamines varies markedly through out pregnancy. Also, the volumes of ALF and AMF in IUGR fetuses are much smaller than those in NBW fe tuses (data not shown). In contrast, IUGR fetal ALF and AMF have been reported to have higher concentrations of spermidine and spermine in association with compen satory fetal growth, which may be an adaptive mecha nism to support growth in IUGR fetuses (Pisaneschi et al., 2012; Tosh et al., 2010) . Substances in ALF and AMF are not simply filtered from the fetal circulation. Both ALF and AMF may provide a vital reservoir of nutrients for the fetus (Bloomfield et al., 2002) . Polyamines can be transported bidirectionally between the fetus and the AMF across the not-yet-keratinized fetal skin at the early stage of pregnancy (Underwood et al., 2005) . Shortly af ter the porcine fetal skin is fully keratinized during late gestation, removal of AMF is primarily accomplished by fetal swallowing, and the fetus has the capability to absorb polyamines and other nutrients from the lumen of its small intestine (KuriharaBergstrom et al., 1990; Underwood et al., 2005) . With the rapid development of intestinal polyamine transport systems during gesta tion, the uptake of AMF by the fetus provides another source of polyamines for supporting differentiation and proliferation of intestinal epithelial cells (Kwon et al., 2003) . The concentration of polyamines in AMF is posi tively correlated with those in the smallintestinal mu cosa (data not shown). Therefore, changes of polyamine concentrations in the smallintestinal mucosa of IUGR fetuses may affect polyamine levels in AMF. Our previ ous studies revealed that IUGR fetuses from mid to late gestation are associated with lower abundances of in testinal proteins that participate in the transport of nutri ents (Wang et al., 2014a) , thereby reducing the uptake of polyamines from AMF or umbilical vein by the fetal gut. As a consequence, in neonatal pigs with IUGR, develop ment of the small intestine is continuously impaired be tween d 1 and 21 of life (Wang et al., 2010) . Polyamines are essential for the proliferation, differentiation, and migration of mammalian cells (Ray et al., 2003) as well as maturation and adaptation of the smallintestinal mu cosa (Luk and Yang, 1987) . During gestation, maternal diets contribute significantly to the polyamine pool in the fetal gastrointestinal tract (Loser et al., 1999) as well as its function, maturation, and growth (Cheng et al., 2006) . Available evidence shows that an increase in plasma cortisol concentration stimulates intestinal ODC activity and polyamine synthesis from proline in suck ling and weanling piglets (Wu et al., 2000a,b) . Of note, cortisol concentrations in the umbilical vein plasma are consistently lower in IUGR fetuses than in NBW fetuses at d 90 and 110 of gestation (Lin et al., 2012) . This may exacerbate the imbalance of polyamine levels in the IUGR fetal circulation and, therefore, contribute to fetal growth restriction. Furthermore, results of our current study indicate that the smallintestinal mucosa of IUGR fetuses has higher levels of LC3BII compared with NBW fetuses, whereas similar levels of LC3BI were noted between these 2 groups. To date, microtubuleassociated protein light chain 3 (LC3) is the only reliable marker of au tophagosomes. Upon induction of autophagy, the cyto plasmic form (LC3I) is conjugated to phosphatidyleth anolamine and processed to generate LC3II. Among 3 isoforms (LC3A, LC3B, and LC3C), LC3B is widely used to monitor autophagic activity for the correlation of LC3BII with higher levels of autophagic vesicles (Nakatogawa et al., 2009; Barth et al., 2010) . Therefore, understanding the characteristic conversion of LC3BI to LC3BII provides better insight into autophagy under physiological conditions and its relationship to apoptot ic cell death (Klionsky et al., 2012) . Autophagy is either a cell survival or a cell death mechanism activated by multiple signaling pathways and is linked with apopto sis (Codogno and Meijer, 2005) . The role of enhanced autophagy in the IUGR fetal smallintestinal mucosa is not clear and may include removal of damaged organ elles and maintenance of energy homeostasis. Higher abundances of proteins and enzymes associated with apoptosis have also been reported in the small intes tine (Wang et al., 2014a) , skeletal muscle , and liver of IUGR fetal pigs. These proteome alterations may promote protein degradation and impair energy metabolism in the fetal small intestine. In agreement with this notion, concen trations of glutamine, a major energy source for intesti nal epithelial cells, decline markedly in fetal fluid (Lin et al., 2012) and the small intestine of IUGR fetuses. Also, we recently reported that glutamine deprivation induces autophagy in porcine intestinal epithelial cells (Zhu et al., 2014) . Of note, the significance of autoph agy in cell survival and other physiological processes has become increasingly recognized, although its cen tral role in the small intestine has not been elucidated. Enhanced autophagic turnover of cytoplasmic organ elles and longlived proteins induced by spermidine is crucial for inhibition of oxidative stress . Minois et al. (2012) reported that sper midine improved cell survival by promoting resistance to oxidative stress in an autophagydependent manner. Therefore, enhanced autophagy in the small intestine of IUGR fetuses may be mediated, in part, by higher sper midine levels in ALF and AMF and may regulate fetal survival and compensatory fetal growth.
In conclusion, IUGR is associated with alterations in concentrations of polyamines and autophagic mark er levels in porcine fetal fluids and small intestine. Concentrations of polyamines and a related molecule, agmatine, were altered in IUGR fetuses during mid to late gestation. Higher spermidine levels in fetal cir culation may be related to enhanced autophagy in the smallintestinal mucosa of IUGR fetuses. These novel findings provide a new framework for future studies to define the roles for polyamines in the prevention and treatment of IUGR in both human medicine and animal production.
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